Microorganisms inhabiting human body form a complex ecosystem. The mutual influence of the microbiome and the immune system of the host constitute the basis for numerous diseases, e.g. pseudomembranous colitis, inflammatory bowel disease, type 1 diabetes, atopic diseases, obesity, reactive arthritis. New molecular diagnostic methods and multi-center studies may help in understanding of the role of microbiota in health and disease. Rheumatoid arthritis has a multi-faceted etiology, and its causes are not entirely understood. There are indications for the influence of microbiomes of oral cavity, intestines, lungs and urinary tract on the development of rheumatoid arthritis. Interactions between microorganisms and human immune system play role in the pathogenesis of the disease.
Introduction
Rheumatoid arthritis is a chronic inflammatory disease with still unknown causes. The recognized etiological factors are: e.g., HLA-DR genes, tyrosine phosphatase gene (PTPN22), gene of peptidylarginine deiminase (PADI), cytokine coding genes. However, it is believed that genetic factors determine development of the disease in less than 50%. The best known environmental factor is smoking tobacco. Furthermore, the risk of seronegative rheumatoid arthritis increases in persons with excessive body weight. The role of bacterial or viral antigens has been suggested in the pathogenesis of the disease [1] .
Body of an adult human consists of approx. 10 13 cells, yet it bears the load of as much as 10 14 microbial cells: primarily prokaryotic organisms (over 1000 species of bacteria and archeons), as well as fungi, viruses and protozoans. This set of microorganisms, referred to as microbiome, colonizes the surface of the skin (approx. 1.73 m 2 ) and mucous membranes (approx. 300 m 2 ), entering into constant interactions with the host. Typically, this constitutes a harmonious coexistence, bringing mutual benefits [2] . It is assessed that the human digestive system is inhabited by 1-2 kg of bacteria (approx. 1150 species), mostly obligate anaerobes [3, 4] . Skin contains approximately 10 12 bacteria, primarily Gram-positive aerobic, as well as facultative anaerobes (e.g., Staphylococcus, Corynebacterium). The remaining sites naturally inhabited by bacteria are the vagina and external portion of the urethra in women [2] upper respiratory as well as lower respiratory tracts, until recently believed to be sterile [5] .
Colonization occurs directly after birth and continues throughout the entire life. The mechanisms of non-specific and specific immunity of the host prevent excessive growth of microorganisms and their penetration inside the tissues. Moreover, the immune system is responsible for the formation of tolerance to their antigens and it ensures both survival of the necessary microorganisms as well as protection of the human organism against the results of unnecessary inflammatory reaction. These compounds are of such importance that disorders in the microbiome (dysbiosis) does not only result in causing numerous diseases, such as pseudomembranous colitis, intensified susceptibility to Salmonella and Citrobacter infections or mycosis, but they also appear to be among the significant etiological factors of such diseases as: inflammatory bowel disease (IBD), type 1 diabetes, atopic diseases, obesity [6] . The influence of bacteria or bacterial antigens on the development of arthritis has already been demonstrated for spondyloarthritis -the typical example here is reactive arthritis, enteropathic arthritis and the contribution of similar mechanisms has been confirmed for psoriatic arthritis. The term "joint-gut axis" has been even used for these ailments. The contribution of microbiome in rheumatoid arthritis has also been taken into consideration.
The modern techniques for microorganism detection help in the study of microbiome and its relation to specific diseases. A classic microbial culture detects only approx. 20% of microorganisms, particularly in terms of the intestine flora, consisting primarily of obligate anaerobes. The majority of these organisms can be detected and classified using molecular probes for 16S ribosomal RNA, analysis of DNA or proteins (phylotypes rather than species are detected in this manner) [7] .
In order to determine the role of bacteria large research projects have been established (Table I) .
Intestine microbiome
As far as the gastrointestinal tract is concerned, bacteria inhabit primarily the large intestine and ileum, and considerably lower numbers are found in the jejunum, and only singular species are found in the stomach or duodenum (Helicobacter pylori). The vast majority (ap- prox. 90%) of intestinal bacteria consists of obligate anaerobes (Table II) . Based on the study of intestinal microbiome it has been demonstrated that it is characterized by considerable variation between individuals, as well as within individuals. In time, however, the variation is not continuous. Three enterotypes can be distinguished in the human population [8] The role of intestinal bacteria in degradation of complex carbohydrates, production of short-chain fatty acids, essential amino acids, B and K vitamins, degradation of numerous xenobiotics, for instance benzoate, is widely acknowledged [4] . Microorganism participate in the stimulation of angiogenesis in the intestine, and even in regulation of adipose tissue metabolism in the organism [7] . Moreover, they protect against colonization by pathogenic microorganisms. However, of special interest for rheumatologists must be the influence of microbiome on the maturation of the host's immune system.
The influence of the presence of bacteria on the development of gut associated lymphoid tissue (GALT) has been proved. Mice bred in germ-free conditions possess hypoplastic Peyer's patches, which contain few propagation centers, low number of plasmocytes and CD4+ cells in the lamina propria. However, these disorders are not restricted to the mucosa: the spleen and axillary lymph nodes of such animals are characterized by poor structure, with weakly formed zones [9] . Moreover, the balance between lymphocyte Th1 and Th2 is disturbed in comparison to individuals bred in normal conditions. The colonization of Bacteroides fragilis of a previously sterile gastrointestinal tract of mice restores the balance between Th1/Th2. This is caused by, among others, presentation of the bacterial polysaccharide by the dendritic cells [10] .
Moreover, the immune system comes into contact with the heat shock proteins (HSPs) of the bacteria. The HSPs possess similar structure in prokaryotic as well as eukaryotic organisms, including humans. The role of response against these proteins in the pathogenesis of rheumatoid arthritis is complex and still being studied. However, it is known that the immunization with HSP 60, HSP 70, HSP 40 proteins stimulates mononuclear cells to secrete anti-inflammatory interleukin 10 (IL-10), and in the culture of synoviocytes it leads to the reduction of production of pro-inflammatory IL-6 and IL-8 [11] .
In rheumatoid arthritis, similarly to certain other autoimmune diseases, blood and synovial membrane of patients contain higher number of Th-17 lymphocytes (subclass of auxiliary lymphocytes) and lower number of Treg lymphocytes than in healthy humans. Th-17 lymphocytes stimulate macrophages to produce tumor necrocis factor (TNF), IL-1 and IL-6 [1] . The microbiome is capable of action here as well. Butyric acid produced by intestinal bacteria can induce the differentiation of Treg lymphocytes [12] . Similarly, polysaccharide A produced by Bacteroides fragilis can promote maturation of CD4+ lymphocytes into Treg lymphocytes and stimulates them to produce IL-10. This occurs via Toll-like receptor (TLR-2), found on lymphocytes and dendritic cells, which binds bacterial peptidoglycan. Furthermore, polysaccharide A causes reduced expression of TNF in monocytes stimulated by lipopolysaccharide [13] [14] [15] .
An example of reversed, "proinflammatory" action of intestinal commensals is induction of the presence and activation of Th17 lymphocytes and stimulation of their secretion of IL-17 by segmented filamentous bacterium (SBF) in mice. Animals colonized by this species of bacteria were more immune to infection with pathogenic strains [16] . On the other hand, Clostridium colonization contributes to the accumulation of Treg lymphocytes in the mucosa and increase of TGFβ concentration, helping mice to be resistant to enteritis [17] .
Animal models also demonstrated relationship between arthritis and intestine microbiome. Rodents, in which arthritis was triggered exhibited stronger inflammation symptoms, when they were bred in germ-free conditions [18] . The presence of bacteria appeared to act primarily through stimulation of Th17 cells in intestine and the entire organism, as well as through reduced production of Treg cells and intensified permeability of the bowels [19] . However, certain studies brought opposite conclusions. Researchers of the Uppsala University (Sweden) demonstrated (for animal arthritis models) lack of relationship between the severity of arthritis and the presence of bacteria in the gastrointestinal tract and production of p/HSP-65 antibodies [20] .
Vaahtovuo et al. [3] demonstrated for the group of 101 patients that persons with early rheumatoid arthritis (not yet subjected to treatment with disease modifying anti-rheumatic drugs -DMARDs -or steroids) possessed a different intestine microflora composition than the control group (patients with fibromyalgia). Presence of bacteria in stool was tested using RNA probes. In patients with rheumatoid arthritis, lower numbers of Bifidobacteria and Bacteroides-Porphyromonas-Prevotella (6.9% vs. 9.8%) group, Bacteroides fragilis subgroup and Eubacterium rectal -Clostridium coccoides group were found [3] . Patients with fibromyalgia were selected as the control group due to similar exposure to non-steroidal anti-inflammatory drugs (NSAIDs) and lack of inflammation symptoms. However, missing in the study was comparison with healthy patients.
Chinese researchers evaluated the Lactobacillus species composition in stool samples from patients with early rheumatoid arthritis. Each of the groups: examined and control (healthy volunteers) included 15 persons. It turned out that larger counts of L. salivarius, L. iners and L. ruminis were found in patients than in the control group and L. mucosae was found solely in patients with rheumatoid arthritis [21] .
A recent Chinese study compared the total number of 212 stool samples: A total of 94 non-treated patients with rheumatoid arthritis and from 80 healthy unrelated and 17 healthy related persons as well as 21 patients with rheumatoid arthritis treated with DMARDs [22] . The flora composition did not only differ the group of patients with rheumatoid arthritis from healthy persons, but it also correlated with the activity of the disease, as well as partially with immunoglobulin concentrations. Higher counts of Gram-positive bacteria and lower counts of Gram-negative bacteria (including lower counts of Proteobacteria and Firmicutes of the Veillonellaceae) were found in patients with rheumatoid arthritis. Higher count of Lactobacillus salivarius was found and lower occurrence of the genus Haemophilus, Klebsiella pneumoniae, Bifidobacterium bifidum, Sutterella wadsworthensis, Megamonas hypermegale. Organisms of the patients contained higher counts of Bacteroides, yet Bacteroides plebeius was more common in the control group. After the modifying treatment (primarily methotrexate, Tripterygium wilfordii glycosides used in traditional Chinese medicine, less frequently leflunomide, prednisolone, hydroxychloroquine and etanercept), composition of the flora was similar to healthy patients. According to authors the result of their study supports the hypothesis that chronic inflammation in rheumatoid arthritis may be caused or intensified by the growth of pathogenic bacteria or deficiency of immunomodulatory commensal bacteria. However, a question can be raised, whether, as therapy partially restores the "healthy" microbiome, the disturbance of its composition is rather a coincidence or even a result of immune processes leading to rheumatoid arthritis.
Scher et al. [23] studied microbiome of patients with newly diagnosed RA, chronic treated RA and psoriatic arthritis (PsA) (total number of 114 patients). Prevotella copri was significantly more common in the intestine flora in the group of newly diagnosed RA (NORA -new-onset untreated rheumatoid arthritis). Prevotella copri colonization increased the risk of RA from 1% to 3.95%. Moreover, patients with NORA were found to possess such bacteria genera as: Catenibacterium, Veillonella, less frequently Clostridia, Lachnospiraceae, and Bacteroides (this relationship was not found in patients with chronic RA). Worthy of notice are differences to the previously quoted Chinese study: genera which were more abundant in this group of patients, in the Chinese study were less frequently observed in RA than in healthy persons [23] . These examples demonstrate the complexity of intestine ecosystems. The previously mentioned genus Prevotella is worthy of greater emphasis in the conclusions. These bacteria found in RA patients (not yet subjected to treatment with DMARDs) and in patients with inflammatory bowel disease may induce enteritis in mouse models. It is also suspected that Prevotella is one of organisms which metabolize L-carnitine (originating from red meat) to trimethylamine N-oxide (TMAO), and elevated level of this substance constitutes risk factor for accelerated atherosclerosis. The mechanism may contribute to elevated cardiovascular risk in patients with RA. Prevotella possesses epitopes common with HLA DRB1, yet what is surprising, Prevotella with such epitopes was less numerous in patients with early RA than in the control group (which may be linked to the mutual influence of the immune system on the microbiome and may indicate that the disease must be triggered by other factors). The purine synthesis pathway is less active in Prevotella than in Bacteroides, which may influence the efficiency of oral methotrexate. Tetrahydrofolate reductase in Bacteroides may bind methotrexate in the intestine, thus reducing its efficiency and patients with the dominance of Prevotella may respond better to oral administration of methotrexate. However, this influence requires further evaluation [23] .
Different results regarding Prevotella copri were obtained in the Mayo Clinic on the basis of stool evaluations from 40 patients with RA and control group of 32 persons (relatives and unrelated persons). No relationship between the occurrence of Prevotella copri with early RA was determined, yet such relationship was found for Eggerthella, Faecalibacterium, and Collinsella. In the subsequent part of the study administration of Collinsella to mice intensified susceptibility to collagen-induced arthritis. In vitro Collinsella aerofaciens causes reduction in the expression of tight junction proteins and induces IL-17 expression [24] . Researchers considered the causes for different composition of microbiome in healthy and sick persons. It is likely that Reumatologia 2017; 55/5 patients with RA suffer from deficiency of the taxa necessary for physiological reactions of the immune system and for relieving of its excessive agitation. According to another hypothesis, the RA "susceptibility" genes, especially MHC genes, favor maintaining of certain species or strains of bacteria, which in turn influence the development of arthritis or maintaining its chronic state [3] . In addition, the hypothesis of the toxemia factor has been raised. According to this hypothesis, excess of Gram-negative bacteria in the lumen of intestine results in the increase of toxic metabolites, which penetrate the blood vessels and promote arthritis [19] . On the other hand, deficiency of certain bacteria species (e.g., Bacteroides thetaiotaomicron) may lead to permeability of the intestinal barrier [3] .
Therapeutic agents in RA, which influence the intestinal flora and the joint-gut axis have been used since 1940s. Some of these agents are used as disease-modifying drugs. Such double action (antibacterial and immunosuppressive) is exhibited by sulfasalazine and minocycline (tetracycline used as disease-modifying drug in the USA) [19] .
Oral cavity
Oral cavity contains approximately 10 10 of bacteria belonging to approx. 700 species, of which number about 34% is not subjected to in vitro culture, and 17% of the remaining number have not been scientifically described. Microorganisms colonize the mucosa of the entire oral cavity, however special attention must be paid to the periodontium. The microbiome of the oral cavity in patients with periodontium diseases differs from persons without the disease (Table III) .
Numerous works indicate increased frequency and severity of periodontium diseases in patients with RA.
American researchers analyzed group of 4461 participants, including 103 with RA. In patients with RA, lower level of caries was found, but higher number of missing teeth (OR 2.27) and more frequent periodontosis (OR 1.82); the combined occurrence of lack of teeth or periodontosis with RA was particularly strongly marked in seropositive patients (OR 4.5) [25] .
A team from Taiwan demonstrated relationship between presence of periodontitis in interview and the risk of the disease (OR 1.16) conducted in a large epidemiological study based on the register of close to 14,000 patients with newly diagnosed RA [26] .
However, does the coexistence mean a causal relationship? Does periodontitis lead to RA? Periodontal diseases and RA are bound by combined mechanisms of inflammation and tissue damage. Cytokines IL-1, IL-6, metalloproteinases and active oxygen species are expressed in both diseases. In addition, smoking cigarettes constitutes a predisposing factor for both diseases. The main pathogen of periodontal disease is Porphyromonas gingivalis. It is capable of citrullination of its own and host's proteins thanks to production of peptidylarginine deiminase and gingipains, enzymes which expose C-terminus residues of arginine, enabling citrullination. Antibodies against citrullinated proteins (such as collagen type II, fibrinogen, fibrin, vimentin, α-enolase) play important role in the RA pathomechanism [27] . Periodontal disease is accompanied by intensified bone destruction as the result of enzymes produced by the host due to immune reaction, and the periodontium tissues are found to contain citrullinated proteins. Also the serum of patients with chronic periodontitis was found to contain antibodies to citrullinated proteins (anti-CEP-1) and their non-citrullinated equivalents (fibrinogen, vimentin). It is suspected that the host's protein citrullination mechanism may provoke formation of new antigens and reduce the immune tolerance in predisposed persons. The initial immune response may take place in the oral cavity during P. gingivalis infection, then becoming strengthened in the joint synovitis, where human peptidylarginine deiminase may citrullinate endogenous proteins. It has been discovered that there are other organisms (than P. gingivalis) which cause periodontal disease: Anaerglobus geminatus and Prevotella/Leptotrichiaare related to the presence of anti-citrullination antibodies and RA [19] .
Periodontal disease treatment may decrease RA activity. In a prospective study conducted in Turkey, patients with RA and periodontitis were subjected to therapy consisting of providing instruction on the oral cavity hygiene, removal of scaling and root planingand removal of caries from tooth crown. After 3 months of treatment decrease in the activity of RA measured with DAS-28, decrease of OB value and CRP and TNF concentration were observed. Effects were more clearly marked in patients with high initial activity of the disease [28] . In addition, a Polish study conducted by the Wroclaw Medical University has revealed that dental treatment of periodontal disease may reduce the activity of RA in certain patients [29] .
On the other hand, periodontal disease may lead to the lack of anti-TNF treatment response, and such conclusion was drawn based on the observation of 18 patients of the Sao Paulo University [30] .
Results of the prospective randomized study ESPE-RA, conducted in France, where patients with RA and the concomitant periodontosis are subjected not only to scaling and root-planing procedures, use of local antiseptics and hygiene instruction, but also systemic antibiotic treatment, are expected. DAS28, ACR 20, ACR 50 and ACR 70 indexes will be evaluated within the study [31] .
Meta-analysis conducted by Kaur et al. [32] in 2014 demonstrated that periodontal treatment of RA patients was linked to a significant decrease of OB, and tendency to reduce DAS28 and TNF concentration. Five studies were included (each with the number of participants ranging between 29 and 55).
On the other hand, analysis of a cohort of American women, including 292 cases of RA, did not demonstrate an increased risk of RA among persons with periodontal disease in the history [33] .
Although Scher et al. [34] determined higher intensity of periodontitis for patients with newly diagnosed RA than in the control group, yet the frequency of Porphyromonas colonization remained unaltered (78.4% and 83.3% respectively). The periodontal microbiome composition was more strongly linked to the intensification of periodontitis than to the presence of RA, yet Prevotella spp. and Leptotrichia spp. occurred solely in persons with RA (32.2% and 25.8% of these patients, respectively) independently of the intensification of the periodontal disease [34] .
Zhang et al. [22] sequenced DNA from dental plaque, saliva and stool of RA patients and healthy persons. Saliva of RA patients contained more bacteria of the genus Prevotella, except for P. intermedia, which was more common in the control group. On the other hand, Prevotella spp. was more frequently found in healthy persons. In addition, such species related to periodontal disease as Porphyromonas gingivalis, Tannerella forsythia and Treponema spp. were found in greater numbers in the control group than in the RA group. The study did not determine the clinical state of the oral cavity and periodontium [22] .
Respiratory track
Nowadays, thanks to the molecular identification based on 16S rRNA sequence it turns out that various bacteria species can be found in lower respiratory tracts, and their species composition differs from the flora of the upper respiratory tracts. Research on the lower respiratory tract include low groups of patients due to the increased invasiveness of sample collection method (bronchoalveolar lavage -BAL, bronchial mucosal biopsy, lung transplant examination). However, it turns out that lower respiratory tracts of healthy persons are also inhabited by Actinobacteria, Bacterioidetes, Firmicutes and Fusobacteria. In state of health a wide diversity of the bacterial flora is present which ensures homeostasis. The microbiome of a healthy human differs from the microbiome of person suffering from respiratory diseases [5] . During disease (chronic obturatory pulmonary disease, asthma, interstitial pulmonary fibrosis) the diversity is reduced and disorders in the ratios between individual bacteria species occur. Typically, the number of Proteobacteriaceae increases. In some patients with early RA or RA risk factors (family history, seropositivity) the concentrations of antibodies (anti-CCP, RF class IgM) were higher in the sputum than in the serum or were even found solely in sputum with the absence of antibodies in the serum. It has been suggested that the bacteria originating from the periodontium penetrating to lower respiratory tracts through citrullination contribute to the development of the auto-immune process within the lungs, thus they can constitute site of antibody production during early RA [19, 35] . Scher et al. [36] performed a study determining the direct composition of the lung microbiome on the RA incidence. They investigated the BAL of 20 untreated early RA patients, pulmonary sarcoidosis patients an healthy controls. The high degree of similarity between thelung microbiome in RA and sarcoidosis was revealed. Interestingly, despite previous speculations, the authors report a general underrepresentation of Actinomyces, Prevotella and Porphyromonas as well in the BAL of RA patients. An association with erosive disease was observed with the presence and abundance of Pseudonocardia in the RA [36] .
Urinary system
Under normal conditions urine in the bladder, ureters, renal pelvis and calyxes is sterile. Microorganisms, typically without influence on the infection of urinary tract, may occur in the distal part of the urethra. These are typically staphylococci, lactic acid bacilli, non-haemolytic streptococci, saprophytic Corynebacteria. [37] .
Among the above genera of special interest in relation to rheumatoid arthritis is the genus Proteus. Already in the 1980s an elevated presence of antibodies against Proteus mirabilis was found in patients with RA compared to AS patients and healthy persons [38] . Subsequently, it was demonstrated that Proteus antigens exhibit cross-reaction with anti-HLA DR4 antibodies.
The following course of events has been suggested: Proteus infection of urinary tract causes production of antibodies against the bacteria, some of the antibodies possess anti-HLA DR4 activity. Cells with HLA DR 4 expression bind antibodies, cytokines are produced, complement is activated and the local response in the joints develops (Proteus-reactive arthritis). Repeated inflammation leads to rheumatoid arthritis [39] .
In 1997, Wilson et al. [40] examined a group of 89 patients with RA and isolated Proteus mirabilis in the urine of 63% of women and 50% of men, whereas in the control group of healthy persons in 32% of women and 11% men, respectively. Antibodies against P. mirabilis were found in greater number in serum samples from patients with RA than in the group without RA. The relationship was not found for Escherichia coli. Antibody concentrations correlated with higher count of Proteus bacteria in urine samples. These results support the hypothesis on Proteus infection constituting RA etiological factor [40] .
In 1999, Senior et al. [41] demonstrated significantly more frequent Proteus mirabilis infections of the urinary tract in RA [analyzed was urine of 76 patients with RA and 48 of control group]. Urinary tract infection was found in only 4% of healthy persons and in 33% patients with RA, and Proteus mirabilis infection was dominant in the latter group (two-fold more frequent than E. coli). Proteus mirabilis was cultured in 52% of samples from patients with RA and urinary tract infection, however the increase was typically slight (< 10 4 CFU/ml). Patients with RA also exhibited presence of IgM, IgA and IgG antibodies to P. mirabilis in the serum and in the urine. The study result indicates that patients with RA have asymptomatic P. mirabilis infections more frequently or with longer course than other patients, which may constitute the trigger factor for RA [41] .
Arabski et al. [42] demonstrated significantly more frequent presence of antibodies to lipopolysaccharide (LPS) of P. mirabilis in patients with RA and at the same time it was not found to be related to polymorphism of the TLR4 gene. The TLR4 receptor is responsible for the lipopolysaccharide recognition. The special structure of LPS in Proteus protects the bacteria against bactericidal properties of the serum. Particular resistance to the effect of complement was exhibited by LPS with the serotype O49 which reacted with the serum of 74% RA patients. Chronic infection triggers activation of non-specific immune mechanisms, which may contribute to the development of RA. Some authors have proposed to subject patients with early RA to eradication of Proteus urinary tract infection at an early stage in order to prevent disease progression [43, 44] . However, further research is necessary to determine efficacy of such intervention.
Conclusion
The causal relationships between microbiome disorders and the immune reaction contributing to the development of rheumatoid arthritis have not been entirely explained: is it the state of the immune system of the host with rheumatoid arthritis that causes such composition of his microbiome? Is altered microbiome composition the cause, or the result of inflammation? The most abundant group of intestinal microorganisms does not allow form specifying any bacteria species which would favor the development of rheumatoid arthritis, and we are dealing here with complex mutual interactions between intestinal microorganisms and the immune system of the entire host's organism. The role of inflammation focuses (of dental origin, urogenital tract) in rheumatoid arthritis has already been suggested in 1920s [45] . New observations on the microbiome of periodontal inflammations and asymptomatic urinary tract infections demonstrate that those hypotheses had not been entirely invalid. Although rheumatoid arthritis doubtlessly is not an infectious disease, the role of the immune system response to microorganisms in the etiology of the disease is still worthy of further research, particularly conducted on larger populations.
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